INTRODUCTION
Dissimilar metal welds (DMWs) constitute both material and structural discontinuities in structural components, such as reactor pressure vessels and pressurizer nozzles in nuclear power plants. Between the bulk low alloy steel and filler metal, there exists a transition zone that has a complicated microstructure and chemical composition compared to those in the parent material. Due to the high susceptibility of both the heat affected zone (HAZ) and the fusion boundary (FB) to stress corrosion cracking in combination with thermal aging, concerns have been raised as to the integrity and reliability in the joint transition zone of structural components [1] [2] [3] [4] .
In terms of DMW characteristics [1, 2, 5] , there is the composition gradient from the base metal to the weld metal across the FB. Such a gradient causes a change in the microstructure and mechanical property, as well as the corrosion resistance. Since the DMW is exposed to thermal cycling during welding [2, 6] , this thermal cycling makes the change in the microstructure, mechanical properties and corrosion resistance. Due to the microstructure heterogeneity and the thermal mismatch, the formation of residual stress in the FB region can result in the gradient of mechanical properties across the FB [7] .
As the key parameters, which affect the stress corrosion cracking, are the material microstructure and chemical composition gradient from the base metal to the weld metal across the FB, it is necessary to fundamentally understand this unique microstructure, in order to improve the understanding of stress corrosion cracking at the FB region. Despite the potential degradation and consequent risk in the DMW [1, 8, 9] , there is still a lack of fundamental understanding of the microstructure across the FB region, but particularly in the region containing unidentified band structures near the FB. The scale of the microstructure in modern metallic materials is becoming increasingly smaller. Until recently, discussion of microstructures in such a small dimension was based only on crystallographic structures, and the chemical natures relevant to those structures were inaccessible. Remarkable advances were made in the analytical capability of transmission electron microscopes, but chemical analysis using a focused electron beam always has limitations, due to the convolution effect when analyzing nanoscale particles embedded in the matrix phase. In many cases, the electron energy loss spectroscopy does not provide quantitative information about light elements from small regions, as metallurgists would expect. The 3-dimensional atom probe tomography (3D APT) has a truly quantitative analytical capability to characterize nanometer scale particles in metallic materials, thus its application to the microstructural Three dimensional atom probe tomography (3D APT) is applied to characterize the dissimilar metal joint which was welded between the Ni-based alloy, Alloy 690 and the low alloy steel, A533 Gr. B, with Alloy 152 filler metal. While there is some difficulty in preparing the specimen for the analysis, the 3D APT has a truly quantitative analytical capability to characterize nanometer scale particles in metallic materials, thus its application to the microstructural analysis in multicomponent metallic materials provides critical information on the mechanism of nanoscale microstructural evolution. In this study, the procedure for 3D APT specimen preparation was established, and those for dissimilar metal weld interface were prepared near the fusion boundary by a focused ion beam. The result of the analysis in this study showed the precipitation of chromium carbides near the fusion boundary between A533 Gr. B and Alloy 152. analysis in multi-component metallic materials provides critical information on the mechanism of nanoscale microstructural evolution [10] . The 3D APT is a microscope that allows the reconstruction of 3D "atom maps" [11] . These reconstructions can be interrogated and interpreted to determine the nanoscale chemistry of the material. For example, a grain boundary in a pressure vessel steel (Fe-0.5at.%Cu-1.5at.%Ni-1.5at.%Mn-0.75at.%Si) aged at 365ºC for 49,800 h was examined by the 3D APT. The tool clearly showed not only Cu precipitates at the boundary (and one within a grain), but also the segregation of Mn to the boundary between the precipitates [12] . In addition, the nanoscale chemistry such as precipitate, or grain boundary solute segregation was measured by 3D APT [11] [12] [13] [14] [15] [16] [17] .
This study is aiming at the establishment of detail procedures for the characterization of dissimilar metal welds, and the analysis of results using 3D APT in order to get a clear understanding of structure and chemistry in the atomic scale of weld interfaces.
EXPERIMENTAL PROCEDURE
Specimens for atom probe analysis were produced using a multi-stage process as follows. A representative dissimilar weld mock-up made of Alloy 690/Alloy 152/ A533 Gr. B fabricated by Argonne National Laboratory (ANL) was acquired. A533Gr. B was coated with Alloy 152 with shielded metal arc welding, followed by post welding heat treatment at 607~635ºC for 3 hours. After the process, the weld joint of Alloy 690 and A533Gr. B was prepared by the shielded metal arc welding method with Alloy 152 fillers. The first weld layer was buttered with a voltage of 25-26 V, a current of 97-102 A, a travel speed of 127mm/min, and a maximum heat input of 1.252 KJ/mm. Then, the remainder was welded with the same range of voltage, maximum heat input and travel speed as the initial buttering, but with a current of 97-102 A, and the maximum heat input of 1.437KJ/mm. During the process, the interpass temperature was kept below 199ºC, and the minimum preheat temperature was 20ºC. The chemical compositions of both metals are shown in Table 1 . The DMW containing the interface and Alloy 152 was cut from the dissimilar weld joint. Fig. 1 shows each region of the DMW part, including the FB, HAZ, dilution zone (DZ), and Type-II boundary. It is known that a Type-II boundary parallels the fusion boundary within a distance of 100µm. [9] The material was cut into small samples 13mm 13mm 2mm by the wire cutting method, as shown in Fig. 2 . The samples were polished with ~0.05um colloidal silica. The specimens were then washed in acetone and kept under vacuum. In the previous study [18] , the chromium carbides were observed using a scanning electron microscope, a transmission electron microscope and a secondary ion mass spectrometry analyses in the FB. Thereby, specimens for 3D APT were prepared near the region containing the FB that was represented in the electron microscope images of Fig. 3 . After isolating a 10µm x 1µm x 5µm volume containing the FB [19] [20] [21] , three specimens were fabricated with an isolated volume by a focused ion beam from a Helios Nanolab 600 Dual Beam. The step-by-step procedure is as follows:
a. First, the position of the FB is located ( Fig. 3 and Fig.  4 (a)). Fig. 4 (b) . c. Next, the volume containing the FB is isolated by milling Trench 1 and 2 with Ga ion (Fig. 4 (c) ). d. Sample is tilted by 45º and the bottom part is cut from the side of Trench 1 (Fig. 4 (c) ) by milling box 2, 3 and 4 ( Fig. 4 (d) ). e. Sample is rotated by 180º and tilted by 45º and the bottom part is cut from the side of Trench 2. (Fig. 4  (c) ) f.
Step d and e can be repeated with the Ga ion beam in order to isolate the volume containing the FB. g. Micromanipulator is inserted and positioned so that it touches the corner of the sample near box 1 (Fig. 4 (d) ). h. A platinum box is deposited in order to weld the sample to the micromanipulator. i. Box 1 is milled in order to fully detach the sample from the bulk (Fig. 4 (d) ) j. A tungsten needle is prepared in the same way as a conventional atom probe sample and an array of silicon micro tips [20, 22] . k. The part of the detached sample is welded with the tungsten tip by platinum deposition. l. After the weld process (step k) between the isolated sample and the tungsten tip, a specimen such as Fig.  4 (f) can be achieved by milling box 5 and 6 with the Ga ion beam. m.The final milling is used to perform the last stage of sharpening, similar to the conventional way [19, 20] . n. The end of each specimen is sharpened by applying a series of annular milling patterns along the axis until the required end geometry is achieved, i.e. a tip with a diameter of about 100 nm and a very low shank angle. Specimens were analyzed using a Cameca LA_WATAP 3D AP for the chemical composition in the region containing the A533 Gr. B and the FB. Since the specimen containing some chromium carbides is fragile during the analysis, the laser pulsing method, which can alleviate the problem [11] , was used to remove ions from various specimens with a wavelength of 343 nm. For the laser-pulsed, atom-probe specimen, the tips were cooled to a temperature of 60K. The laser pulse was used with a repetition rate of 100 kHz and voltage of 2~14kV. 
RESULT
All 3D APT analyses were performed near the FB, which is considered to contain chromium carbides, as presented in TEM micrograph of Fig. 3 (b) . Fig. 4 illustrated the multi stage process of focused ion beam annular milling, used for atom probe specimen preparation. Since the three analyzed needle specimens (Fig. 4 (h) ) were fabricated out of an isolated bulk (Fig. 4 (e) ), there exists a slight difference in the analyzed location, which could make a difference in the APT results. The three dimensional atomic maps obtained from the needle specimen with a typical shape as shown Fig. 4 (h) , are reconstructed and presented in Figs. 5, 6 and 7. The reconstruction volumes can show Cr & C segregation in the FB, and depletion in either region. In addition, the profiles of the specific elements (such as Fe, C, Cr, Mn and so on) are observed in the selected region of the three-dimensional reconstructed volumes of these figures. These volumes were expressed as a total of each elemental distributional map, including C, Cr, Mn, Mo, Si, Fe and Ni. In this study, three of the specimens prepared by the FIB equipment were successfully analyzed by the 3D APT. As can be seen from the profiles of Fig. 7 (c) , it is similarly observed that the carbon and chromium concentrations are relatively high in 'C' and 'E' regions. Fig. 7 (d) shows that some precipitates exist in the light ('C') and the left ('E') showing the particularly high concentration of chromium and carbon. Table 2 , it is known that the position 'A' in Fig. 5 (a) corresponds to carbide precipitates which contain higher metallic elemental (except iron) and carbon concentrations compared to those in position B. Table 3 shows that the higher concentrations of Cr, C, Mo and Mn are in the region of D (Fig. 6 ) and table 4 displays that the higher concentrations of Cr, C, Mo and Mn are in the regions of A, C, E and G (Fig. 7) . As seen from the 3D APT results, these regions can be considered as carbide precipitates, which are formed in A533 Gr. B near the FB during the welding process. As commonly seen in Tables   2~4, higher Mo and Mn are observed in the area where Cr and C concentrations are relatively high. According to Styman et al. [26] , C has a very strong attraction for Mo, Mn and Cr, and so drives the segregation of these elements to the boundary, which in turn drives more C to the boundary. In addition, Mo has a strong affinity with P and so drives this to the boundary. In turn, P drives Ni along with more Mn and Cr. In addition, through that, B and D spaces have higher Fe and lower Ni than F space in Figs 7 (c) and (d), and Table 4 . Therefore the FB can also be distinguished from other regions as shown in Fig. 7 (a) . In summary, the regions including some precipitates have higher carbon and chromium concentrations than the Table 4 . 3D APT Elemental Concentration (in at. %) in Each Region Indicated in Fig. 7 other regions, which is similar to what was observed with the secondary ion mass spectrometry and transmission electron microscope analyses performed in the previous study [18] . These results can help to distinguish the chemical difference between the precipitates and the others. Thereby, the chromium carbides are formed in Alloy 152 weld metal during the welding process.
DISCUSSION
In order to evaluate the integrity of the FB between the Alloy 152 filler metal and low alloy steel A533Gr. B in DMW, this study is aiming at the nano-scale characterization by 3D APT, including chemical analysis in HAZ near the FB of DMW. With a clear understanding of the microstructure of the FB region in an Alloy 152-low alloy steel dissimilar weld joint, the results are discussed in this section under the context of the likely effect of long term aging on the potential degradation and cracking in heat affected zones. From the results described in the previous section, it can be summarized that several chromium carbides were observed in the heat-affected zone near the FB. There is a similar, previous study related to the precipitates that Hou et al. [1] performed with Alloy 182 filler metal and A533 Gr. B. They found the existence of a type-II boundary parallel to the FB in the dilution zone of Alloy 182. They observed the precipitates of composite carbides of Ni and Nb, and Cr23C6 on the type-II boundary and FB region, using a transmission electron microscope. There are similar precedents that some precipitates were observed by 3D APT. Miller et al. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] observed copper-, nickel-, manganese-and silicon-enriched precipitates in reactor pressure vessel weld steel and base steel by using 3D APT. They applied the technology of 3D APT to show that the precipitates coarsened during neutron irradiation and post irradiation heat treatment. In addition, Styman et al. [26] found copper-enriched precipitation in long-term, thermally aged high copper and high nickel mode reactor pressure vessel steel welds. As shown in the previous studies, the atom probe is a tool able to analyze nanoscale precipitates. However, there has been little study on the nano-scale characterization of precipitates in the HAZ near the FB in DMWs.
In this study, the chromium carbides were observed and characterized in the HAZ near the FB by analyzing 3D APT. The formation of precipitates can cause the depletion of chromium in the matrix, which may result in less formation of a protective chromium oxide layer in the high temperature aqueous environment. The region in the heat affected zone of A533 Gr. B showed the highest hardness [18] . This characteristic shows that this may have degraded through thermal cycling during the weld process with the combination of high residual stress. When the long-term exposure of this kind of material experiences thermal aging, the aging effects can cause redistribution of chemistry around FB, and consequent effects on mechanical properties. During aging in service, the concentration gradient for the major alloying elements, including Fe, Ni and Cr, will not change significantly, because the diffusion rates of these elements are too low. However, the large change in C concentration, combined with the Cr concentration gradient, produces a chemical potential gradient that is high in A533 Gr. B, and low in the Alloy 152. This leads to C migration from the A533 Gr. B toward the FB, and the migration and concomitant enrichment of C leads to the formation of the carbide precipitates near the FB [27, 28] . Combining all described above, the FB in the DMW can be severely degraded by the decreased resistance to intergranular stress corrosion cracking. However, a detail investigation on the effect of thermal aging on the change of properties in the DMW needs to be pursued to warrant the integrity of DMWs.
CONCLUSION
By using a three dimensional atom probe tomography (3D APT) and a focused ion beam instrument, nano-scale analyses were performed to understand the structure of the fusion boundary (FB) between the Alloy 152 filler metal and the low alloy steel A533Gr. B in the dissimilar metal weld (DMW). The procedure for 3D APT specimen preparation was practiced and established, and those for the DMW interface were prepared near the FB by a focused ion beam. From the 3D APT analysis in this study, several chromium carbides were observed on the FB. With longterm exposure, this kind of DMW could experience thermal aging, which can cause degradation by grain coarsening, precipitation and the segregation of trace impurities near the FB. However, a detailed investigation of the effect of thermal aging on the change of properties in the DMW needs to be pursued to warrant the integrity of DMWs.
